We have studied the expression of the 15-lipoxygenase gene in various permanent mammalian cell lines in response to interleukins-4 and -13, and found that none of the cell lines tested expressed 5-, 12-or 15-lipoxygenase when cultured under standard conditions. However, when the lung carcinoma cell line A549 was maintained in the presence of either interleukin for 24 h or more, we observed a major induction of 15-lipoxygenase, as indicated by quantification of 15-lipoxygenase mRNA, by immunohistochemistry, by immunoblot analysis and by enzyme activity assays. This effect was 15-lipoxygenase-specific, since expression of 5-and 12-lipoxygenases remained undetectable. The time course of interleukin-4 treatment indicated maximal accumulation of both 15-lipoxygenase mRNA and functional
INTRODUCTION
Among the members of the lipoxygenase family (EC 1.13.11.12), 15-lipoxygenase and the closely related leucocyte-type 12-lipoxygenases are of special interest, because of their ability to oxidize C ") fatty acids [1, 2] and also more complex substrates such as phospholipids, biomembranes [2] [3] [4] and lipoproteins [5, 6] . 15-Lipoxygenases are expressed at high levels during distinct stages of reticulocyte development [7] , in human eosinophils [8] , in human airway epithelial cells [9, 10] , and in macrophages of atherosclerotic lesions [11, 12] .
Although the biological function of 15-lipoxygenase still remains to be identified [1] , its cell-specific expression pattern and its induction under distinctive differentiation conditions suggest tight, albeit complex, mechanisms of regulation. Immature reticulocytes, which have just left the bone marrow, contain high levels of 15-lipoxygenase mRNA in the form of translationally inactive ribonucleoprotein particles. Consequently, no functional 15-lipoxygenase protein is present at this stage of red cell maturation [13] . The lack of 15-lipoxygenase protein in the presence of high levels of 15-lipoxygenase mRNA has been ascribed to the presence of a translation inhibitor, termed lipoxygenase mRNA-binding protein, which binds to a 19 nt repeat motif in the 3h-untranslated region of 15-lipoxygenase mRNA [14] . At subsequent stages of maturation, translation of 15-lipoxygenase is initiated by yet to be identified processes, and the enzyme becomes one of the major reticulocyte proteins Abbreviations used : IL-4, interleukin-4 ; CP-HPLC, chiral-phase HPLC ; RP-HPLC, reverse-phase HPLC ; SP-HPLC, straight-phase HPLC ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase ; RT-PCR, reverse transcriptase-PCR ; 13-HODE, 13S-hydroxy-9Z,11E-octadecadienoic acid ; 15-HETE, 15S-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid ; DMEM, Dulbecco's modified Eagle's medium.
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protein after 48 h. Binding studies revealed that A549 cells express about 2100 high-affinity interleukin-4 binding sites per cell. The interleukin-4 mutant Y124D, which is capable of binding to the interleukin-4 receptor but is unable to trigger receptor activation, counteracted the effect of the wild-type cytokine. Other cell lines, including several epithelial cells and various monocytic cell lines expressing comparable numbers of interleukin-4 receptors, did not express 15-lipoxygenase when stimulated with interleukin-4. These data indicate that A549 cells selectively express 15-lipoxygenase when stimulated with interleukins-4 and - 13 . The activation of the interleukin-4\13 receptor(s) appears to be mandatory, but not sufficient, for 15-lipoxygenase gene expression.
synthesized [15] . The appearance of 15-lipoxygenase in rabbit reticulocytes coincides with the breakdown of mitochondria and with the occurrence of specific lipoxygenase products in the cellular membranes [16] . These data, as well as in itro maturation studies in the presence of lipoxygenase inhibitors [17] , suggest that the enzyme is involved in the breakdown of intracellular membranes during reticulocyte maturation [17] . It has been reported that a functional 15-lipoxygenase is expressed at a high level in lipid-loaded macrophages of atherosclerotic lesions [11, 12, 18] , and to a lesser extent in subtypes of arterial smooth muscle cells [19] . However, the role of this enzyme in the pathogenesis of cardiovascular disease is far from clear. Since circulating blood monocytes [20] or arterial smooth muscle cells of normal individuals do not express 15-lipoxygenase, the enzyme must be induced during foam cell formation, most probably in response to cytokines produced within the arterial wall. This assumption is supported by studies on the effects of cytokines on 15-lipoxygenase expression in cultured human blood monocytes [20, 21] and in alveolar macrophages [22] , in which interleukin-4 (IL-4) and IL-13 were identified as specific inducers of the enzyme. Although the intracellular signal transduction initiated by the activated IL-4 receptor has been studied in considerable detail [23] [24] [25] [26] in various cells, the molecular mechanisms of IL-4\IL-13-mediated 15-lipoxygenase induction are not known.
The usefulness of primary cells for addressing the mechanistic questions of 15-lipoxygenase expression at the molecular level appears to be rather limited. Our attempts to study these mechanisms have been hampered by the biological variability of the cells and by their inherent impurity. To circumvent these problems we have initiated studies on permanent human haematopoietic and epithelial cell lines expressing the IL-4 receptor. Here we report that IL-4 and IL-13 trigger high-level expression of 15-lipoxygenase in the lung epithelial cell line A549 and that binding of the cytokines to the IL-4\IL-13 cell surface receptor(s) is required, but not sufficient, to induce 15-lipoxygenase gene expression.
EXPERIMENTAL Materials
Human and murine recombinant IL-4 were obtained from UBI ; recombinant IL-13 was from IC Chemicals (Ismaning, Germany). The IL-4 mutant Y124D was kindly provided by Dr. W. Sebald (University of Wu$ rzburg, Germany). Linoleic acid, 13S-hydroxy-9Z,11E-octadecadienoic acid (13-HODE) and 11Z,14Z-eicosadienoic acid were from Serva (Heidelberg, Germany). 15S-Hydroxy-11Z,13E-eicosadienoic acid, used as internal standard for the activity assays, was prepared from 11Z,14Z-eicosadienoic acid by reaction with soybean lipoxygenase, reduction of the hydroperoxide with triphenylphosphine and subsequent HPLC purification. Taq polymerase, avian myeloblastosis virus reverse transcriptase and immunochemicals were obtained from Boehringer (Mannheim, Germany). Human AB-serum was purchased from Sigma (Deisenhofen, Germany).
Cell lines were obtained from the following vendors : HL60 (human myeloblastic), U937 (human promyelomonocytic), THP1 (human monocytic) and MonoMac6 (human monocyte\ macrophage) from the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) ; A549, HTB56, HTB54 (all human lung carcinoma), HTB43 (human squamous head and neck carcinoma), HTB38 (human colon carcinoma), J774 and P388.D1 (both mouse macrophage) from A.T.C.C. (Rockville, MD, U.S.A.). HMC1 cells (human mast cell) were a gift from Dr. T. Rosenbach (University of Berlin, Germany).
Cell culture and monocyte preparations
All cell lines were cultured according to the recommendations of the vendors unless stated otherwise. A549 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10 % (v\v) human AB-serum and antibiotics (100 units\ml penicillin and 100 µg\ml streptomycin). We tested different batches of fetal calf serum purchased from various vendors as a substituent for the human AB-serum, and found that 15-lipoxygenase could not be induced with some fetal calf serum samples. The reasons for this heterogeneity are unclear. However, with different batches of human AB-serum we always detected 15-lipoxygenase expression. For maximal lipoxygenase induction, IL-4 was added within 24 h after plating the cells. Cells were removed from the dishes by treatment with trypsin\EDTA, washed, resuspended in PBS and analysed for 15-lipoxygenase expression by reverse transcriptase-PCR (RT-PCR), immunohistochemistry, Western blot analysis and\or activity assays. For comparative studies, human blood monocytes were isolated from buffy coats by density gradient centrifugation and adherence to plastic dishes [20] . Monocytes were cultured in RPMI 1640 medium containing 10 % (v\v) fetal calf serum and antibiotics for 3 days in the absence or presence of cytokines. Cell viability (usually greater than 98 %) was determined by Trypan Blue exclusion.
Immunohistochemistry and immunoblots
Expression of 15-lipoxygenase was assessed by indirect immunofluorescence [20] , using a polyclonal antibody (FPLC-purified IgG fraction) raised in guinea pigs against purified rabbit reticulocyte 15-lipoxygenase (primary antibody) and a fluorescein isothiocyanate-labelled goat anti-(guinea pig IgG) (secondary antibody). The anti-(rabbit 15-lipoxygenase) antibody showed strong cross-reactivity with human 15-lipoxygenase, but not with human 5-lipoxygenase or human platelet-type 12-lipoxygenase.
For Western blot analyses the cells were spun down, resuspended in 200 µl of lysis buffer (5 mM Tris\HCl, pH 7.5, with 1 mM EGTA) and sonicated on ice (ten times for 0.5 s at 40 W with a tip sonifier ; Braun, Melsungen, Germany). Lysates were prepared for SDS\PAGE by mixing with 5-fold concentrated sample buffer (60 mM Tris\HCl, pH 6.8, 2 % SDS, 10 % glycerol, 5 % mercaptoethanol) and boiling for 5 min. Aliquots of the homogenate were taken for protein determination. A sample of 40 µg of cellular protein was applied to electrophoresis. After electrophoresis, proteins were transferred to a nitrocellulose membrane (Serva, Heidelberg, Germany) by semi-dry blotting and stained using the polyclonal anti-15-lipoxygenase primary antibody at a dilution of 1 : 500 and a horseradish peroxidaseconjugated anti-(guinea pig IgG) secondary antibody.
HPLC analyses of lipoxygenase products
For measurements of lipoxygenase activity, cells were trypsinized from the culture dishes, centrifuged for 8 min at 200 g and resuspended in PBS at a concentration of 5i10' cells\ml. After addition of linoleic acid or arachidonic acid (100 µM final concentration) the cells were sonicated on ice and the homogenates were incubated for 20 min at 37 mC. After addition of 13S-hydroxy-11Z,13E-eicosadienoic acid as internal standard and 2 vol. of ice-cold methanol, the protein precipitates were removed by centrifugation and aliquots were directly injected for reverse-phase HPLC (RP-HPLC) analysis. HPLC was carried out on a Shimadzu instrument coupled with a Hewlett Packard diode array detector 1040A. RP-HPLC was performed on a Nucleosil C-18 column (Macherey\Nagel, Du$ ren, Germany ; KS-system, 250 mmi4 mm, 5 µm particle size). A solvent system of methanol\water\acetic acid (85 : 15 : 0.1, by vol.) and a flow rate of 1 ml\min were used. Chromatograms were quantified by peak areas. A calibration curve (five point measurements) for 13-HODE was established. The fractions containing the oxygenated polyenoic fatty acids were pooled, the solvent was evaporated, and the residue was reconstituted in a mixture of n-hexane\ propan-2-ol\acetic acid (100 : 2 : 0.1, by vol.) and injected for straight-phase HPLC (SP-HPLC) and\or chiral-phase HPLC (CP-HPLC) analysis. SP-HPLC of the hydroxy fatty acid isomers was carried out on a Zorbax SIL column (Macherey\Nagel ; KSsystem, 250 mmi4 mm, 5 µm particle size) with a solvent system consisting of n-hexane\propan-2-ol\acetic acid (100 : 2 : 0.1, by vol.) and a flow rate of 1 ml\min. CP-HPLC was carried out on a Chiralcel OD column (Diacel Chem. ; 250 mmi4.6 mm, 5 µm particle size ; distributed by Baker, Gross-Gerau, Germany) with a solvent system of hexane\propan-2-ol\acetic acid (100 : 5 : 0.1, by vol.) and a flow rate of 1 ml\min. For detection of the hydroxy fatty acids, the absorbance at 235 nm was recorded.
Competitive RT-PCR
The quantification of 15-lipoxygenase mRNA in A549 cells was performed using competitive RT-PCR [27] . RNA was isolated using RNAzol2 B (WAK Chemie, Bad Homburg, Germany) 15-Lipoxygenase expression in lung epithelial cells [28] . Total RNA (3 µg) was reverse-transcribed at 37 mC for 90 min in 45 µl of 50 mM Tris\HCl buffer, pH 8.2, containing 8 mM MgCl # , 30 mM KCl, 1 mM dithiothreitol, 100 µg\ml BSA, 30 units of RNase inhibitor, 0.166 mM of each dNTP, 150 pmol of oligo(dT) primer and 15 units of reverse transcriptase. Samples were heated to 95 mC for 10 min. For 15-lipoxygenase, the PCR primers 5h-GGGGCTGGCCGACC-TCGCTATC-3h and 5h-TCCTGTGCGGGGCAGCTGGAGC3h were selected from regions displaying minimal sequence similarity to the sequences of human 12-lipoxygenase and leucocyte 5-lipoxygenase, and proved to be not suitable for the amplification of the human cDNAs of these two enzymes. The primers for the PCR of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 5h-TCGGAGTCAACGGATTTGG-TCGTA-3h and 5h-ATGGACTGTGGTCATGAGTCCTTC-3h. Samples of 2 µl of the reverse transcription products were amplified in the presence of a range of known concentrations of internal standards (human 15-lipoxygenase cDNA with a 117 bp deletion and human GAPDH cDNA with a 105 bp deletion respectively). After initial denaturation for 3 min at 94 mC, PCR was carried out for 23-35 cycles. Each cycle consisted of a denaturing period (40 s at 94 mC), an annealing phase (30 s at 66 mC for GAPDH and at 71 mC for 15-lipoxygenase) and an extension period (30 s at 72 mC for both primer sets). The reaction mixture was 10 mM Tris\HCl buffer, pH 8.3, containing 50 mM KCl, 2 mM MgCl # , 0.1 mg\ml gelatine, 6 pmol of primer sets, 100 µM of each dNTP, 100 µg\ml BSA and 2.5 units of Taq DNA polymerase. PCR products were separated by 2 % agarose gel electrophoresis. For quantification, DNA was stained with ethidium bromide and analysed densitometrically. Densitometric data were corrected for molar equivalence and plotted on a log\log scale as a function of internal-standard-derived PCR products.
IL-4 binding studies
The dissociation constants (K d values) of IL-4 binding sites on lung carcinoma A549 and HTB56 cells were determined by Scatchard analyses of the specific binding of "#&I-labelled IL-4 [29] . At 24 h prior to the binding assays, adherent cells were plated in 6-well tissue culture plates at a density of 10' cells\well. The cells were washed twice with serum-free DMEM containing 1 mg\ml BSA, and "#&I-labelled IL-4 (10-500 pM) was added. Monolayers were incubated for 60 min at 37 mC and non-specific binding was determined after the addition of a 100-fold molar excess of unlabelled recombinant human IL-4. Cells were washed twice with 1 ml of ice-cold DMEM containing 1 mg\ml BSA and removed from the wells by lysis with 1 ml of 1 M NaOH. Radioactivity was counted using a Berthold (Freiburg, Germany) γ-radiation counter.
RESULTS

IL-4 triggers 15-lipoxygenase expression in the human lung epithelial cell line A549
Human peripheral monocytes do not express 15-lipoxygenase constitutively [20] . However, after maintaining the cells for 3 days in the presence of IL-4, significant 15-lipoxygenase expression can be detected [20] . When we analysed the 15-lipoxygenase content of human peripheral monocytes maintained for 3 days in the presence of IL-4 (67-2000 pM) by immunohistochemistry, we noted that, even at high IL-4 concentrations, not all monocytes were stained 15-lipoxygenase-positive. The proportion of lipoxygenase-positive cells varied between 10 and 70 % at 670 pM IL-4, and never reached 100 % even after longer incubation periods. Activity assays with various monocyte preparations from different donors indicated a similar variability (0.1-2.0 µg of 13-HODE formation\10' cells). These data suggest the presence of blood monocyte subpopulations that are unable to respond to IL-4 stimulation by expressing 15-lipoxygenase.
In order to avoid the problems of a heterogeneous cell population for our mechanistic studies, we screened several permanent haematopoietic and epithelial cell lines expressing the IL-4 receptor for 15-lipoxygenase expression by immunohistochemistry. If maintained under standard conditions no 15-lipoxygenase expression was detected in any of these cell lines. However, we observed apparent 15-lipoxygenase-positive staining in the human lung carcinoma cell line A549 if the cells were cultured for 5 days in the presence of IL-4 ( Figure 1B) . In contrast, their untreated counterparts did not show any fluorescence above background intensity ( Figure 1A) . As with monocytes, between 20 and 60 % of the A549 cells (different sets of experiments) were stained 15-lipoxygenase-positive after 5 days of IL-4 treatment. Thus there appears to be a similar heterogeneity in the cell population to that described for human peripheral monocytes. In addition to A549 cells, IL-4-treated human HTB38 colon carcinoma cells showed significant 15-lipoxygenase staining in about 1-5 % of the cells (results not shown).
Since immunohistochemistry may be misleading because of a possible cross-reactivity of the antibody with non-lipoxygenase proteins, enzyme activity assays were carried out. For this purpose, cell homogenates were incubated with exogenous substrate and the lipoxygenase products were analysed by RP-HPLC. Products co-migrating with authentic standards of 13-HODE were formed when homogenates of IL-4-treated A549 cells were incubated with linoleic acid (Figure 2, line B) . Quantification of HPLC peak areas indicated a specific lipoxygenase activity of 0.542p0.117 µg of 13-HODE\10' cells (n l 6). In contrast, no lipoxygenase products were found when A549 cells were cultured in the absence of IL-4 ( Figure 2, line A) . IL-13 also triggered 15-lipoxygenase expression (Figure 2 , line C) in A549 lung epithelial cells (0.750p0.042 µg of 13-HODE\10' cells ; n l 2).
Since under our chromatographic conditions 13-HODE and 9-HODE were not separated, the products co-migrating with 13-HODE on RP-HPLC were prepared and further analysed for positional and enantiospecificity by SP-HPLC and CP-HPLC. We found that more than 90 % of the hydroxy fatty acid formed by IL-4-and IL-13-treated A549 cells co-migrated with 13-HODE on SP-HPLC (results not shown). Analysis of the enantiomer composition revealed a strong preponderance of the S-isomer in both cases (Figure 2, insets) . When arachidonic acid was used as substrate, 15S-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-HETE) was identified as the major product. These product patterns indicate the expression of an arachidonate 15-lipoxygenase and exclude non-enzymic lipid peroxidation as a source of the oxygenated fatty acids.
Monocytic cell lines and various epithelial cells do not upregulate 15-lipoxygenase expression in response to IL-4
All cell lines screened by immunohistochemistry were re-examined for 15-lipoxygenase activity. As indicated in Table 1 , none of the monocytic cell lines tested exhibited measurable 15-lipoxygenase activity either in the absence or in the presence of IL-4. Moreover, primary mixed human lymphocytes, the mast cell line HMC1, the two human lung carcinoma cell lines HTB54 and HTB56 and the human squamous head and neck carcinoma cell line HTB43 remained unresponsive. However, small amounts
Figure 1 Immunohistochemical staining of 15-lipoxygenase in A549 cells
A549 cells were cultured for 120 h in the absence (A) or in the presence (B) of 670 pM IL-4. Cells were harvested by trypsin treatment and cytospin preparations were used for immunostaining as described in the Experimental section. of 13-HODE (21 ng\10' cells) were detected when homogenates of the human colon carcinoma cell line HTB38 were incubated with linoleic acid. SP-HPLC revealed a 13-HODE\9-HODE ratio of about 2 : 1 (results not shown), and analysis of the enantiomer composition of the 13-HODE indicated a 2 : 1 preponderance of the S-enantiomer (Table 1) . These data, which suggest the occurrence of small amounts of 15-lipoxygenase in IL-4-treated HTB38 cells, are in line with the immunohistochemical staining of this cell line.
Differential up-regulation of 15-lipoxygenase is not due to differences in expression of the IL-4 receptor
Activity assays and immunohistochemistry indicated the expression of 15-lipoxygenase when A549 cells were stimulated with IL-4, whereas other epithelial cells, including the human lung carcinoma cell lines HTB54 and HTB56, did not express the enzyme when cultured under identical conditions. To exclude the possibility that this unresponsiveness was due to different expression levels of the IL-4 cell surface receptor, we performed comparative IL-4 binding studies with A549 (lipoxygenasepositive) and HTB56 (lipoxygenase-negative) cells. Both cell types were found to express comparable numbers of specific IL-4 binding sites per cell. Scatchard-plot analyses of the binding data indicated the presence of 2100 binding sites per A549 cell and 1700 binding sites per HTB56 cell ( Figures 3A and 3B) . The K d values of 55 pmol\l (A549) and 30 pmol\l (HTB56) were of the same order of magnitude as the corresponding value for the high-affinity IL-4 receptor on human monocytes [30] . Various literature reports indicate that most of the cell lines tested in the present study express a functional IL-4 cell surface receptor (Table 1) . These data, and the inability of most cells to respond with 15-lipoxygenase expression when stimulated with IL-4, suggest that the activation of the IL-4-induced signal transduction cascade does not necessarily lead to 15-lipoxygenase expression.
Activation of the IL-4 receptor is required, but is not sufficient, for up-regulation of 15-lipoxygenase in A549 cells
The specificity of the cytokine-mediated 15-lipoxygenase induction in monocytes [20] suggested that IL-4 cell surface receptors may be involved. In order to exclude non-receptormediated mechanisms, competition studies with the IL-4 mutant Y124D were carried out. This mutant binds to the IL-4 receptor with a comparable affinity as the wild-type IL-4, but is unable to 15-Lipoxygenase expression in lung epithelial cells
Figure 2 Formation of 15-lipoxygenase products by A549 cells treated with IL-4 and IL-13
A549 cells were cultured for 5 days in the absence (line A) or in the presence (line B) of 670 pM IL-4, or in the presence of 670 pM IL-13 (line C). After harvesting, the cells were resuspended in 1 ml of PBS, disintegrated by sonication and incubated for 20 min at 37 mC with 100 µM linoleic acid. Product preparation and HPLC analysis were carried out as described in the Experimental section. Insets : analysis of the enantiomer composition of the major oxygenation product 13-HODE by CP-HPLC.
Table 1 Induction of 15-lipoxygenase by IL-4 in various mammalian cells
Cells were maintained in the presence or absence of IL-4 (670 pM final concentration) for the times indicated. After harvesting, the cells were resuspended in 1 ml of PBS, disintegrated by sonication and incubated with 100 µM linoleic acid for 20 min at 37 mC. After acidification, the lipids were extracted and analysed for hydroxy fatty acids by RP-HPLC. Values in parentheses indicate the relative proportions of S-and R-enantiomers. , Up-regulation ; , down-regulation. ICAM, intracellular cell adhesion molecule. Data obtained from the references indicated. trigger the signal transduction cascade [31, 32] . We found that Y124D was unable to induce 15-lipoxygenase in A549 cells and in human blood monocytes at concentrations up to 13.4 nM (results not shown). However, Y124D did act as competitor for wild-type IL-4, as indicated by the inhibition of 15-lipoxygenase expression (Figure 4) .
13-HODE (ng
The time course of 15-lipoxygenase mRNA expression is paralleled by enzyme activity
In immature rabbit reticulocytes, the expression of functional 15-lipoxygenase is prevented at the translational level by the binding of a regulatory protein to the mRNA [14] . In these cells no 15-lipoxygenase protein is present, although a high concentration of 15-lipoxygenase mRNA was detected [13] . In order to find out whether similar processes occur in IL mRNA\10' GAPDH transcripts were detected, reaching a maximum in the time course of IL-4 treatment of about 1500 copies per 10' GAPDH transcripts after 48 h. In Figure 6 the time courses of both the relative 15-lipoxygenase mRNA concentration and the 15-lipoxygenase activity during a culture period of 144 h are shown. It can be seen that the increase in 15-lipoxygenase mRNA is paralleled by enzyme activity, suggesting that there may not be a time-dependent down-regulation of the translation of 15-lipoxygenase mRNA by regulatory proteins as occurs in rabbit reticulocytes [14] .
IL-4 induces 15-lipoxygenase but not the expression of other lipoxygenases
Using specific primers for human platelet 12-lipoxygenase and human leucocyte 5-lipoxygenase, we did not detect significant amounts of 5-or 12-lipoxygenase transcripts in A549 cells even when they were cultured for up to 5 days in the presence of IL-4. Moreover, we were unable to detect the formation of significant 
DISCUSSION
The closely related cytokines IL-4 and IL-13 have been reported previously to induce 15-lipoxygenase expression in human peripheral monocytes and alveolar macrophages [20] [21] [22] . Here we report for the first time that both cytokines may exhibit a similar effect in replicating extra-haematopoietic cells. We found that the accumulation of 15-lipoxygenase mRNA is paralleled by the appearance of the functional enzyme, and that the induction is 15-lipoxygenase-specific since the expression of both platelettype 12-lipoxygenase and leucocyte 5-lipoxygenase were not affected. Since A549 cells are a permanent cell line, and since the expression level of 15-lipoxygenase is comparable with that in IL4-treated monocytes (up to 600 ng of HODE formed\10' cells), these cells may constitute a more suitable model in which to study the mechanism of cytokine-induced 15-lipoxygenase expression. The experimental finding that only the human 15-lipoxygenase, but not the 12-or 5-lipoxygenases, is induced by IL-4\IL-13 clearly indicates that these enzymes are differentially regulated. The mechanism of IL-4\IL-13-induced signal transduction leading to 15-lipoxygenase expression in mammalian cells remains unclear. Nuclear run-on transcription assays in human blood monocytes suggested that the enzyme may be regulated primarily by stabilizing its mRNA [33] . These data do not exclude elements of transcriptional regulation during IL-4-induced 15-lipoxygenase expression in A549 cells. It is well established that IL-4 activates specific transcription factors [34] which bind to IL-4-responsive elements in the promotor region of respective inducible genes. However, recent studies on the transcriptional regulation of rabbit 15-lipoxygenase were unsuccessful in identifying positive regulation sites of transcription. Instead, transcriptional silencer regions have been detected which are functional in several extra-haematopoietic cells [35] .
The cytokine-specific induction of 15-lipoxygenase in A549 cells and the competition studies with the IL-4 mutant Y124D suggest an involvement of specific cell surface receptors. As reported previously, IL-4 and IL-13 show cross-binding between IL-4 and IL-13 receptors [36] . Thus our data do not allow a statement about whether the IL-4 receptor, the structurally related IL-13 receptor or both are involved in cytokine-triggered 15-lipoxygenase expression. Several intracellular second messenger pathways have been reported to be activated by agonist binding to the IL-4 receptor [23] [24] [25] [26] . It remains to be established which of these pathways, if any, is implicated in IL-4-induced 15-lipoxygenase expression and whether the recently identified IL-4 specific transcription factor IL-4 Stat [34] may be involved.
As indicated in Table 1 , we were unable to induce significant 15-lipoxygenase expression in any of the 14 human cell lines tested except for A549 cells. The reasons for these results are not immediately apparent, since most of the cell lines tested express the IL-4 receptor and\or are capable of responding to IL-4 treatment [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . These findings suggest the existence of cellspecific signalling pathways leading to 15-lipoxygenase expression in selected cell types. It will be a challenge for future work to identify components of such pathways in A549 cells which are apparently lacking in other epithelial and haematopoietic cells.
There are several potential implications of IL-4-dependent 15-lipoxygenase expression in A549 cells. The biology of IL-4 appears to be rather complex [50, 51] . It is produced by T H# helper cells, by mast cells and by basophilic granulocytes [52] . One may assume that mast cells, which are involved in inflammatory and allergic lung disease, participate in the regulation of 15-lipoxygenase gene expression in the airway epithelial cells [53] . In fact 15-HETE, which is the major arachidonic acid oxygenation product in human bronchi [54] , was shown to potentiate the allergen-induced release of allergic mediators [55] . In this context, it is of particular interest to note that transgenic mice overexpressing IL-4 develop a disorder which is associated with alterations in mast cell counts and which resembles human allergic disease [56] . It remains to be examined whether 15-lipoxygenase is involved in these processes.
